Figure 1. Generation of mPer1
Brdm1 Mutant Mice (a) Genomic structure of the murine mPer1 gene, the targeting vector, and the predicted structure of the targeted allele. Exons are indicated by vertical black bars with the first and last exons numbered. WT, wild-type; R, EcoRI; Hprt, hypoxanthine phosphoribosyltransferase gene; TK, Herpes Simplex Virus thymidine kinase gene. A 1.6 kb 3Ј external probe that detects a 20 kb wild-type EcoRI fragment and an 11.8 kb mutant EcoRI fragment were used to detect targeted ES cell clones and to genotype test mutant mice. A 1.5 kb 5Ј internal probe that detects a 20 kb wild-type EcoRI fragment and a 7.4 kb mutant EcoRI fragment were used to confirm correct targeting at the 5Ј homology region (data not shown). We hypothesized that true entrainment should be restricted to rhythms in the circadian range and that a mutant mice do not lose their rhythms immediately upon entry into DD and, upon loss of rhythmicity, a light pulse loss of clock control would allow the animals to respond passively to external cues. As expected, wild-type aniimmediately reestablishes their rhythms (Zheng et al., consistent with a nonfunctional clock in the double mu-1999; Zylka et al., 1998). Therefore, we examined the expression of mPER1 and mPER2 in a peripheral tissue. tants that releases the animals from regulation by the internal clock and enables them to adjust freely to the Western analysis was carried out on kidney tissues from wild-types, mPer1 mutants, and mPer2 mutants isolated external cues. The short LD regime presents another instance where the mPer1-deficient clock and the wildevery 6 hr after the first day into DD. Antibodies to mPER1 detected a protein of about 140 kDa in wildtype clock can be distinguished. Taken together, these data illustrate further that mPER1 and mPER2 together types, mPer2 mutants, and in extracts from COS cells transfected with an mPER1 expression construct, but are essential for a functional clock. not in mPer1 mutant animals ( Figure 6a ). Low level crossreactivity with mPER2 (which runs at about 135 kDa) mPER1, but Not mPER2, Is Dispensable for the was observed in extracts from COS cells transfected Rhythmic Expression of mPer1 or mPer2 with an mPER2 expression construct (Figure 6a ), but Both the mPer1 and mPer2 genes are thought to be not with vector alone (data not shown). In wild-type targets of circadian expression regulation (Dunlap, animals, the peak level of mPER1 was observed at CT 1999). To determine the effect of these mutations on 18 and the trough level at CT 6. In mPer2 mutants, the clock at the molecular level, we analyzed the expresmPER1 was observed at moderate levels but apparently sion of mPer1 and mPer2 in the SCN of wild-types, the in-frame deletion of 87 amino acids. Unlike the rostrong oscillation of both mPer1 and mPer2 transcripts bust cycling of mPER2 expression in the wild-type aniin the SCN in DD, with a peak level of mPer1 transcript mals (peak at CT 18 and trough at CT 6), the mutant at around circadian time (CT) 6 and the mPer2 transcript mPER2 level is low and apparently constant with time. peak at CT 9-12 (Figures 5a and 5b) . The mutant mPer1
This low level of mutant mPER2 is consistent with its transcript in the mPer1 mutants continued to cycle, but significantly dampened mRNA level. In the mPer1 muexhibited a higher peak than in wild-type controls (Figure tants, the level of mPER2 is significantly elevated at 5a). Northern analysis on liver and kidney tissue RNA every time point compared with wild-type animals, but isolated from the mPer1 mutants also detected a robust a circadian pattern persists. There is no apparent differcycling of the mPer1 mutant transcript of the expected ence in the level of mPer2 mRNA between wild-types size (data not shown). These results demonstrate that and mPer1 mutants by Northern analysis, which is conmPER1 is dispensable for the rhythmic expression of sistent with the result from the SCN (Figure 6b ). Thus, its own gene. The expression of mPer2 in the mPer1 the elevated level of mPER2 protein in the absence of mutants was not detectably different from that in the mPER1 implicates a role for mPER1 in the posttranscripwild-type controls in DD (Figure 5b ), indicating that tional regulation of mPER2. These results illustrate the mPer1 is also dispensable for mPer2 transcript oscillamechanistically distinct involvement of mPER1 and tion. In contrast, mPer1 and mPer2 expression oscillates mPER2 in the core clock. at markedly reduced levels in the SCN and peripheral tissues of the mPer2 mutant mice in DD (Figures 5a  and 5b; Zheng et al., 1999) . The cycling of the mPer1 Clock-Controlled Genes Are Differentially transcript was only marginal in the mPer2 mutant ( Figure  Regulated by mPER1 and mPER2  5a) . No apparent cycling of mPer1 or mPer2 expression Although mPER1 does not appear to be a major regulawas observed in the double mutants (Figures 5a and 5b) .
tor of the RNA expression of clock genes such as mPer1 These results demonstrate that while mPER2 regulates and mPer2, it may control some output pathways of the clock gene expression through a transcriptional control, clock. To explore this possibility, we screened for clockmPER1 is dispensable for circadian RNA expression of controlled genes (CCGs) that are regulated by mPER1 mPer1 and mPer2. and mPER2 using cDNA micro-array analysis. We used mRNA from liver for these studies because most CCGs Posttranscriptional Regulation of mPER2 are more likely to be expressed in peripheral tissues. by mPER1
Probes generated from liver RNA were compared beOur current understanding of the molecular clock is tween wild-type mice and mPer2 or double mutants at based on a negative feedback mechanism in which the ZT12, or wild-types at ZT0, on a 6K mouse UniGene clock gene products inhibit their own mRNA expression.
clone cDNA chip. Out of 198 differentially expressed The surprising observation that loss of mPER1 does genes identified on the micro-array, 53 that displayed not lead to a loss or dampening of its circadian RNA at least a 2.5-fold difference in expression levels were expression raised the question of the role played by further subjected to Northern analysis. The Northern mPER1 in the negative feedback mechanism. To adblots contain liver RNA samples from six time points in dress this, we examined protein expression in the mu-DD from wild-type, mPer1, mPer2, and double mutant tant mice using polyclonal antibodies raised against animals. The majority of these genes (37 out of 53) that mPER1 and mPER2. We and others have shown that showed differential expression by micro-array analysis the molecular components of the peripheral clock mirror those of the SCN (Balsalobre et al., 1998; Zheng et al.,
were not substantiated by Northern analysis. The re- (Figures 7 and 8b ). Yet, there are CCGs the expression of which continues to cycle in both 7 and 8). A common feature of all the CCGs is that circadian expression is observed in wild-type, but not mPer1 and mPer2 mutants, as represented by the gene encoding the murine 5-aminolevulinate synthase 1 in the mPer1, mPer2 double mutant animals, substantiating a complete loss of clock function in the double (mAlas1) (Figures 7 and 8c) . 5-aminolevulinate synthase 1 is the enzyme in the first step of heme biosynthesis and mutants as assayed by output pathways other than locomotor function. It is noteworthy that a loss of circadian controls the rate of heme synthesis in nonerythroid cells We previously reported a deletion mutation in the mechanism. Loss of mPER1 did not disrupt the rhythmic expresmPer2 gene, mPer2
Brdm1
, that leads to a shortened period but shares a delayed loss of rhythm phenotype with the sion of its mutant transcript, indicating that mPER1 is not essential to maintain its own circadian expression. Clock mutation (Zheng et al., 1999) . That the mPer2 Brdm1 mutation is a null mutation is supported by two pieces Although the mutant mPer1 transcript oscillates with a higher peak and an apparent phase delay compared of evidence. First, the mPer2 Brdm1 mutant phenotype is recessive. Second, we recently generated a truncation with the wild-type controls (Figure 5a ), this may simply reflect an increased stability of the mutant transcript. mutation in the mPer2 gene that disrupts the PAS domain and places all downstream coding sequence out of Consistent with this possibility is our observation that the level of the noncycling mPer1 transcripts throughout frame. We found that compound heterozygous mutants between the truncation mutation and mPer2
Brdm1 show the brain is elevated in the mPer1 mutant (data not shown). None of the other clock genes, including mPer2, the same phenotype as that of mPer2 Brdm1 homozygous mutants (C.C.L. et al., unpublished data). These studies mCry1, and mBmal1, shows any obvious change in expression levels in the absence of mPER1 (this study support a role for mPer2 in the core clock mechanism.
Here, we described the phenotypic and molecular and our unpublished observations). These observations deviate from the expected role for mPER1 in the negative analyses of a targeted null mutation of mPer1. On average, the mPer1 mutants display a moderately shorter feedback that has been demonstrated for dPer in Drosophila and inferred from in vitro studies with mammaperiod (by ‫1ف‬ hr), similar to the phenotype of a recently described mPer3 mutant (by ‫5.0ف‬ hr) ( are potential heme binding proteins. Indeed, the mouse
